Bathymodiolus azoricus is a mussel from vent fields in the south-west of the Azores Triple Junction (Mid-Atlantic Ridge-MAR). Experimental evidence indicates that B. azoricus is a mixotrophic organism, which obtains energy from a dual endosymbiosis and filter-feeding. Yet the relative contribution of symbiosis and filter-feeding to B. azoricus nutrition is still unclear. To address this question, we developed and individual-based model which describes sulphide and methane uptake by endosymbionts, the energy gained through microbial oxidations, the transfer of energy from endosymbionts to B. azoricus, filter-feeding of particulate organic matter (POC) by B. azoricus and the energetic wastes of the mytilid with respiration. The model accounts for size-dependent relationships obtained from empirical data. External concentrations of H 2 S and CH 4 correspond to estimated values for the Menez Gwen vent field, maximal and minimal values measured at MAR. From in situ observed densities of B. azoricus, productivity predictions at the individual level were upscale to the mytilid population at Menez Gwen and compared to estimated values. Predicted biomass of B. azoricus and its endosymbionts show a very high fitting level with estimated values. Results suggest that the relative contribution of filter-feeding and endosymbiosis varies with B. azoricus size, with small mytilids being strongly dependent on filter-feeding, whilst larger mussels obtain a significant portion of its energy from endosymbiosis. This is related with the variation of gill weight with total weight. Results also suggest that, an individual of a certain size can potentially regulate the relative contribution of filter-feeding and endosymbiosis according to external conditions. However, large B. azoricus exhibit a higher level of nutritional flexibility than small mytilids. The relative contribution of endosymbioisis and filter-feeding to the total energy budget of B. azoricus, as well as the mytilid particulate organic matter requirements, are assessed and discussed under several scenarios.
Introduction
Bathymodiolus azoricus is a bivalve that dominates the communities at the shallower Atlantic vent fields, south-west of the Azores Triple Junction (Mid-Atlantic Ridge):
Menez Gwen (850 m) and Lucky Strike (1700 m) ([Colaço et al., 1998 ] and [Desbruyères et al., 2001 ]) ( Fig. 1) . Several studies revealed that B. azoricus host both thio-and methanotrophic symbionts in their gills (e.g. [Distel et al., 1995] and [Fiala-Médioni et al., 1986] ) indicating that the energy obtained through microbial oxidations of the reduced compounds (sulphide and methane) released by the vents plays a significant role in the nutrition of B. azoricus ([Cavanaugh et al., 1992] , [Pond et al., 1998 ] and [Fiala-Médioni et al., 2002] ). Additionally, B. azoricus like other Bathymodiolus species also shows characteristics of a functional digestive system, such as the ciliation of the filaments which does not differ from that of littoral species, the presence of a functional feeding groove and well developed labial palps, which indicates that B. azoricus also filters and digests organic matter particles ([Le Pennec et al., 1990] and [Fiala-Médioni et al., 1986] ). Uptake of dissolved organic 4 productivity of B. azoricus at the Menez Gwen vent field. Simultaneously, assuming that 79 endosymbionts correspond to 4% of the gill wet weight of Bathymodiolus (Powell and Somero, 80 1986 ), the biomass of endosymbionts was also estimated. The model accounts for the uptake of 81 sulphide (H 2 S) and methane (CH 4 ), the oxidation of H 2 S and CH 4 by thio-and methanotrophs, 82 respectively, the filtering of particulate organic matter (POC) by B. azoricus, the transfer of 83 energy from the symbionts to the host and the energetic wastes of the B. azoricus (Fig. 2) In the available literature, we found no values for maximum uptake rates of sulphide or methane 111 by B. azoricus, therefore, we had to use values reported for similar species. Like vent mussels, 112 methane mussels also uptake reduced substrates, mostly, through their gills (e.g. Le Pennec at 113 al., 1990) at rates ranging from 96 -240 µmol g -1 wet wt d -1 (Kochevar et al., 1992) . Methane 114 mussels only have methanotrophs in their gills, while B. azoricus has both thiotrophs and 115 methanotrophs. Possibly, the uptake of methane by methane mussels is higher than the uptake of 116 methane by B. azoricus, which can also uptake sulphide. For this reason, we assumed that the 117 average rate of methane uptake by methane mussels corresponds to the maximum methane 118 uptake rate for B. azoricus (i.e. 120 µmol g -1 wet wt gill d -1 ). 119
Model routine was used to obtain the maximum uptake of sulphide by B. azoricus (Vmax S 
123
-Endosymbiont biomass correspond 4% of the gill weight; because endosymbiont biomass 124 depends on Vmax S , the 4% value acts as a constraint that limits the variation of Vmax S 125
The value that fulfilled the above pre-requisites was 743 µmol H 2 S g -1 wet wt gill d -1 . 126 127 oxidations is referred as the biomass yield for the chemotrophic growth of microorganisms 129 (expressed in C-mol : mol). According to Heijnen and Van Dijken (1992) , the maximum 130 biomass yield for sulphide and methane oxidation is 0.3 and 0.55, respectively. Due to 131 constraints of several orders, it is expected that biomass yield in the nature be significantly lower 132 than the former values. In accordance with this, empirical evidence indicates that per mole of 133 CH 4 consumed, mussels with functional symbionts produce about 0.3 mol CO 2 (Kochevar et al., 134 1992) and, according to the proportion 0.3:0.55 for S: CH4, the biomass yield of sulphide was 135 set at 0.16 mol CO 2 . These processes were described by: 136 Carbon transfer from symbionts to B. azoricus. Only part of the energy obtained from microbial 143 oxidations is transferred to the host mussel as the symbionts require some energy for their own 144 metabolism. According to Fiala-Médioni and Felbeck (1990) , between 25 to 65% of the carbon 145 fixed by the symbionts (δ) is for the host nutrition. Thus, T in equations 1 and 2 is defined as: 146
The value 43% of carbon transferred from symbionts to B. azoricus was obtained through model 148 calibration (see Calibration). For the scenario (see Simulations), which accounts for the 149 digestion of symbionts by B. azoricus according to some experimental evidence (Fiala-Médioni 150 et al., 1986; Fisher and Childress, 1992; Raulfs et al., 2004) Bathymodiolus azoricus energy wastes. In the present model, the energy wastes of B. azoricus 161 were described by an allometric relation, which accounts for respiration assuming a molar ratio 162 of CO 2 produced to oxygen consumed (RQ) of 0.9 : 163
W -Weight of B. azoricus (g dry wt), a and b -Empirical coefficients (Table 1) . Coefficients a 165 and b are in accordance with experimental values obtained for B. azoricus (Dando et al. 166 unpublished) ( Table 2 ). The respiration coefficient (RQ) was set at 0.9 based on the average 167 value of the reported range of 0.85 -1 (Smith, 1985; Conway et al., 1992 To estimate the sensitivity of parameters, the following expression (Jørgensen, 1994) was used: 194 195 [ 
RESULTS 235
Predicted versus estimated biomass values of B. azoricus and endosymbionts 236
According to estimations, at the Menez Gwen vent site B. azoricus biomass varies between 0.01 237 and 9.84 kg wet wt m -2 for mussels with sizes of 10 to 110 mm SL (shell length), respectively, 238 and the corresponding endosymbiont biomass variation is 13-10719 mg C m -2 ( Contribution of endosymbiosis and filter-feeding to the nutrition of B. azoricus 244
Results indicate that, if exclusively depending on endosymbionts for nutrition and at external 245 concentrations estimated for the Menez Gwen (ENDO-MG), B. azoricus can not keep the 246 estimated productivity levels and show a decreasing tendency over time. This pattern is verified 247 for mussels of all sizes but the % of decreasing productivity over time varies inversely with 248 mussel's size. At maximal concentrations measured at MAR and, either for exclusive 249 dependency on symbiosis (ENDO-MAX) or endosymbiosis coupled to symbiont digestion 250 (ENDODIGEST-MAX), only the largest mussels (SL=110 mm) can sustain (Fig. 5) . 251 According to results, at H 2 S and CH 4 concentrations estimated for Menez Gwen, B. azoricus 252 must couple endosymbiosis with filter-feeding to reach the estimated productivity values (Fig.6A ). However, the relative contribution of endosymbiosis and filter-feeding to the total nutrition 254 of B. azoricus varies with the size of mytilids, with the contribution of filter-feeding decreasing 255 from 81% to 16% in relation to endosymbiosis, from the smallest to the largest B. azoricus, 256 respectively ( Fig. 6B) . 257
The ratio filter-feeding: endosymbiosis also varies with external conditions. For maximal 258 concentrations of sulphide and methane measured at MAR (ENDOFILTER-MAX), the previous 259 pattern of nutritional strategy variation with mussel size is kept but, the contribution of filter-260 feeding to the mytilid nutrition decreases, with the largest mussels being able to meet all their 261 nutritional requirements via symbiosis ( to compensate for their energetic needs. Compared to the previous scenario, the increase of 264 filter-feeding is much more significant in larger animals, which previously could rely more on 265 endosymbiosis (Fig. 7B) . 266
In the scenario testing filter-feeding as the only nutritional pathway available for B. azoricus 267 (FILTER), results suggest that mytilids must filter between 0.05 and 9 mg of POC l -1 d -1
, 268 depending on body size (Fig. 8) . According to the present results, the POC requirements of B. 269 azoricus also vary with body size and external conditions. For concentrations of sulphide and 270 methane estimated for the Menez Gwen, B. azoricus must filter between 0.04 to 1.4 mg POC l -1 271 d -1 for the smallest and the biggest considered mussels, respectively. However, for minimal 272 concentrations or absence of reduced substrates available for microbial oxidations, the POC 273 requirements of B. azoricus can be as high as 9 mg POC l -1 d -1 for the largest animals, 274 corresponding to a concentration of 0.008 mg l -1 POC (Fig. 9) . 275 276
Sensitivity analysis 277
12 initial values of parameters). The parameter that caused the highest impact on the variation of 280 symbionts biomass was the amount of carbon transferred to B. azoricus (δ). B. azoricus showed 281 significant sensitivity to imposed variations on respiration, ingestion efficiency, half-saturation 282 constant for organic matter uptake and clearance rate. Interestingly, for all these parameters, the 283 sensitivity decreases as the mytilid size increases. This indicates the stronger dependency of 284 small mytilids on parameters related to filter-feeding compared to larger mussels. Contrarily to 285 endosymbionts, B. azoricus did not react to variations on the amount of carbon transferred from 286 the symbionts or the half-saturation constant for the uptake of CH 4 . B. azoricus reacted more 287 significantly to variations on S-related parameters than to CH 4 -related parameters (Table 3) . , 1996) . This 298 reinforces the reliability of the present estimations, which were obtained from a significant shell 299 length-weight regression and an average density of 500 ind m -2 according to in situ observations 300 (Colaço et al., 1998) . and external conditions. Small and, presumably, young mytilids can not derive enough energy 315 from endosymbiosis to account for their energetic needs and, thus, filter-feeding must play an 316 important role in their nutrition. Gradually, as the mussel increases size, the amount of energy 317 derived from microbial oxidations also increases and, potentially, under non-limiting 318 concentrations of H 2 S and CH 4 , B. azoricus is able to increase the ratio endosymbiosis: filter-319 feeding. At very high availability of H 2 S and CH 4 (> 300 µM H 2 S and > 150 µM CH 4 ), the 320 largest and presumably older mytilids (≥ 110 mm SL) can derive all their energy from 321 endosymbiosis. However, if the concentrations of external H 2 S and CH 4 decrease, larger B. 322 azoricus can increase the contribution of filter-feeding to meet their energetic demands, as long 323 as the external availability of organic matter allows it. The highest nutritional flexibility of larger 324 mussels compared to smaller ones is related with the type of allometric relationship between gill 325 weight and the uptake of H 2 S and CH 4 by B. azoricus (Fig. 10) and Desbruyères, 1998 and references therein). According to our results, we hypothise that the 342 observed spatial segregation may reflect the higher dependency of larger mytilids on 343 endosymbiosis and, consequently, their location closer to the sources of reduced substrates. 344
Small mytilids, which depend more on filter-feeding are located further way from the vent flow 345 but within the mussel's bed, where particulate organic matter limitation is not likely to occur due 346 to the existence of a biogenic flow generated by mussel pumping (Pile and Young, 1999) . 1990). If B. azoricus has to rely exclusively on filter-feeding, the number of required bacteria 360 increases to 10 10 bacteria h -1 for larger mussels (≥ 70 mm SL) but, even in this situation, the 361 abundance of free-living bacteria at vents seems large enough to supply the energetic needs of B. 362 azoricus (~ 10 4 and ~ 10 9 cells ml -1 according to Giere et al., 2003) . Recent findings indicate 363 that, although free-living primary productivity is considered to be very high at vents, the 364 bacterial biomass may be kept at low levels due to bacterial mortality and grazing by micro-and 365 macroinvertebrates (Levesque et al., 2005) . Additionally, it seems that occasional peaks of surface-water primary production may act as 373 potential food sources for both the adults and larvae of B. azoricus (Comtet et al., 2000; Dixon et 374 al., 2006) . 375
Surviving after the cessation of vent flows 376
The predicted plasticity of nutritional pathways exhibited by B. azoricus may explain the fact 377 that Bathymodiolus sp. is one of the last vent groups to survive after flow ceases at hydrothermal 378 vents (Shank et al., 1998) . Nevertheless, if the major source of particulate organic carbon, at 379 vents, is provided by microbial autotrophic fixation of vent fluid DIC (Levesque et al,. 2005) , the 380 ability of B. azoricus to survive in these circumstances will always be temporary and, most 381 likely, related to external concentrations (H 2 S, CH 4 , POC) at the moment flow ceases. 382
.
Limitations of our model 384
The model exhibits long-term stability and robustness to variations of parameters, initial-and 385 external-conditions. Nevertheless, the model can be further improved, particularly, by 386 incorporating experimental data, specifically, obtained for B. azoricus (e.g. clearance rate, 387 digestion efficiency and the ratio endosymbionts: gill weight). More insight into the processes 388 involved in the uptake of S and CH 4 by endosymbionts will also benefit model's accuracy. For 389 instance, the dual symbiosis of B. azoricus is contemplated in the model but not linked to the 390 environmental availability of reduced compounds, whereas experimental evidence indicates that 391 the relative number and activity of thio-and methanotrophs in B. azoricus may be related to 392 external sulphide and methane concentrations (Fiala-Médioni et al., 2002) . In the future, when 393 this regulation is better understood, it can be incorporated in the model. This is valid for any 394 other process related with the use of resources and energy by B. azoricus and its endosymbionts. 395
396

Conclusions 397
The present results indicate that, under scenarios of external supply of sulphide, methane and 398 POC, the predominant nutritional pathway of B. azoricus varies with the mytilid size, from a 399 strong dependency on filter-feeding in small mussels until deriving the majority of its energy 400 from endosymbiosis as exhibited by the largest mytilids. This variation is related with the 401 relation between gill weight and mytilid size. Depending on external conditions, the present 402 results also suggest that B. azoricus is able to regulate the endosymbiosis: filter-feeding-ratio, 403
with large animals showing a higher nutritional flexibility than small animals. 
